Inflammation of epithelia is an important step in the pathophysiology of a wide variety of diseases. Because reactive oxygen metabolites are important effector molecules of acute inflammation, we examined the effect of oxidants on the barrier function of a cultured epithelium, Madin Darby Canine Kidney cells, by measuring the transepithelial electrical conductance, Gt, of monolayers grown on permeable supports. We found that H202, added directly or generated with glucose oxidase, increased G,. Similar effects were observed with addition of xanthine and xanthine oxidase, a system which enzymatically generates superoxide radical O2. The oxidant-induced increase in G, was reversible if the exposure to oxidants was not prolonged (<20 min), and if the concentration of H202 was <5 X 10-3 M. The increase in G, suggested that oxidants increase the permeability ofthe paracellular pathway, a suggestion supported by an oxidant-induced increase in the permeability to '4C-mannitol, which primarily crosses epithelia via the extracellular route.
Introduction
Because of their ubiquitous location, epithelia are frequently involved in inflammatory processes. Furthermore, inflammation of epithelia appears to be an important step in the pathophysiology of a variety of diseases (1) including the adult respiratory distress syndrome; inflammatory bowel diseases; acute and chronic pancreatitis; and acute ischemic renal failure. In all of Drs. Welsh and Shasby are Established Investigators of the American Heart Association. Address correspondence to Dr. Welsh.
Received for publication 31 December 1984 and in revised form 13 May 1985. these diseases, the integrity of the epithelial barrier is compromised. Since the cell-to-cell contacts and tight junctions between epithelial cells make the epithelia an effective barrier, it seems that the response to inflammation might involve the junctions between cells.
Reactive oxygen metabolites are some of the most important effector molecules of acute inflammation. They contribute to edema formation in models of cutaneous vasculitis (2) , and have been demonstrated to alter alveolar-capillary permeability in the lung when administered to either the alveolar or capillary surface (3, 4) . Oxidants also contribute to the tissue response to radiation, ischemia, and cytotoxic drugs. In these processes oxidants have a variety of effects on cells, including cell lysis (5, 6) , lipid peroxidation (7), activation ofguanylate cyclase (8) , and inhibition and uncoupling of cell membrane enzymes (9) .
The purpose of this study was to examine the effect of oxidants on the barrier function of an epithelium. We chose the cultured renal epithelial cell line, Madin-Darby Canine Kidney (MDCK),' for this study, because: (a) its barrier function has been extensively characterized in our and other laboratories (10) (11) (12) ; (b) the cultured epithelium has an intact tight junction structure with a transepithelial electrical conductance (GJ) low enough to make measurements accurate and reproducible in a given monolayer, (c) the paracellular pathway is the predominant conductive pathway (10, 12, 13) ; (d) the study of a cultured epithelium eliminates the potential problem of participation of nonepithelial cells in any response; and (e) the epithelium is widely available and easily cultured.
Methods
Cell culture and solutions. MDCK cells were a generous gift of Dr. A. Spector, Department of Biochemistry, University ofIowa. We used cells between passage 69 and 73. Cells were grown in media containing Earle's modification of Eagle's minimum essential medium supplemented with 10% fetal bovine serum, gentamycin (50 Ago ml-'), insulin (I mU ml-'), and nonessential amino acids (media and tissue culture reagents were obtained from the University of Iowa Cancer Center). The cells were incubated at 370C in a 5% C02-air atmosphere. Cells were harvested with 0.25% trypsin-0. 1% EDTA (Gibco 540, Gibco Laboratories, Grand Island, NY). We seeded the cells on 25-mm diameter polycarbonate filters (0.8 gm pore size) (Nucleopore) at a density of 106 cells filter'.
The filters were pretreated with gelatin (Sigma Chemical Co., St. Louis, MO) using the method of Postlethwaite, Snyderman, and Kang (14) . For microscopic studies, the cells were grown on impermeable supports because the filters are nearly opaque, thus preventing a morphologic examination. Cells were plated on glass coverslips that were cleaned with dimethyl sulfoxide and double-distilled water and then coated with gelatin or human placental collagen (type VI, Sigma Chemical Co. 
OJ
Fluorescent staining off-actin. Visualization of f-actin was performed as previously described, substituting rhodamine phallicidin (Molecular Probes Inc., Junction City, OR) for NBD phallicidin (16) . We used epifluorescence (excitation wavelength 546 nm, emission wavelength > 590 nm) to observe and photograph the f-actin staining pattern.
Results
Oxidants increase G,. Fig. 1 shows the time course of the effect ofglucose oxidase, a generator of H202, on G, in one monolayer. The G, was stable before addition of glucose oxidase to the glucose-containing Ringer's solution, and then increased fourfold after addition of 10 U. ml-'. The effect of glucose oxidase on a group of monolayers is shown in Fig. 2 . As a control, some tissues received catalase (1,000 U-ml-'), an H202 scavenger, 10 min before addition ofglucose oxidase. 20 min after addition of glucose oxidase, G, of the catalase-treated monolayers had decreased 2±9%, while G, in the monolayers that had received glucose oxidase alone had increased 144±58% (P < 0.05).
We also examined the effect of another oxygen radical generating system, xanthine and xanthine oxidase. Xanthine oxidase enzymatically generates the superoxide radical, O2, from xanthine. Table I shows the results. Addition of either xanthine or xanthine oxidase alone did not significantly alter G, and was not different from "control" monolayers that received no intervention. Addition of xanthine (5 X l0-4 M) and xanthine oxidase (20.8 mU * ml-') significantly increased G, as compared with control tissues. To show that the addition of xanthine and xanthine oxidase increased G, by an oxidant mechanism, we added allopurinol (10-4 M), a xanthine oxidase inhibitor, to monolayers 5-10 min before adding xanthine and xanthine oxidase. Allopurinol prevented the increase in G1, but had no effect on its own.
To test the possibility that intracullular antioxidant systems might be scavenging oxidants, we added diethyldithiocarbamate (DDC) (10-i M), an inhibitor of intracellular antioxidant pathways (17) , to the bathing solution 15 min before xanthine and xanthine oxidase. DDC did not alter base-line G,, but did enhance the magnitude of the G, increase produced by xanthine and xanthine oxidase. These results suggest that intracellular oxidant defenses may partially protect epithelia from oxidant injury. Time (min) Figure 3 . Reversibility of the effect of glucose oxidase on G. Glucose oxidase (10 U * ml-') and catalase (1,000 U -ml-') were added at the times indicated.
It is most likely that the oxidant-induced increase in G, results from an increase in paracellular (tight junction and lateral intercellular space) conductance because the predominant conductive pathway across MDCK cells is the paracellular pathway (12, 13) . To provide further evidence for an effect of oxidants on paracellular permeability, we measured unidirectional, transepithelial mannitol fluxes before and after addition of H202. Mannitol is a large nonelectrolyte that is not actively transported (i.e., the two unidirectional fluxes are equal) and serves as a marker of paracellular pathway permeability in epithelia (15, 18) . Table II shows that both Gt and transepithelial mannitol fluxes (JM) were stable with time. However, after addition of H202, both G, and mannitol flux increased, indicating an increase in paracellular permeability.
Reversibility of the oxidant-induced increase in G. To determine if the oxidant-induced increase in G, was reversible, we examined the effect of adding catalase to a glucose-oxidase treated monolayer; Fig. 3 shows the time course in one representative monolayer. Fig. 4 shows the changes in G, observed when catalase was used to scavenge H202. Three groups of tissues were studied: one received catalase before H202 and had no change in G,; one received H202 alone and had a sustained increase in G,; and one received catalase after H202 and had a reversal ofthe H202-induced increase in G. While occurred (-75-100% increase in Gj), the changes were irreversible. Finally, if the concentration of H202 was large (>4 X l0-3 M), the Gt did not decrease with catalase. Despite these caveats, the important point is that the functional increase in monolayer permeability was often reversible.
Oxidant-induced changes in cell shape. We also examined the effect of oxidants on the morphology of intact, living monolayers. To examine the effect of oxidants, the perfusion solution was switched to one containing 4 mM H202. Although this concentration is higher than was usually required to increase G1, we observed minimal, if any, changes at lower concentrations. The structural response to H202 was very heterogeneous; many areas of the monolayers showed no discernible changes. When changes were observed, the most frequent finding was an increase in the thickness of the central portion of the cell, around the nucleus, with thinning toward the cell margins. Thus, the monolayer took on the appearance ofhills (the central part ofthe cell) with surrounding valleys. This feature is shown in Fig. 5 A, which was taken during perfusion with Ringers, and Fig. 5 B, which was taken after 13 min of perfusion with H202-containing solution. There were no apparent morphologic changes during the time frame of these experiments in monolayers which did not receive H202.
A less common, but striking finding was a pulling apart of neighboring cells, leaving only thin strands connecting the adjoining cells. Fig. 6 shows a microscopic field of cells exposed to H202 for 30 min and then perfused with normal perfusate for 50 min. One cell partially pulled away from its neighbors, leaving only thin filamentous connections. This field also shows that such changes were very heterogeneous; the other cells in the field have not pulled apart. We were unable to identify any specific distinguishing features ofcells that showed these changes.
We also found that H202 sometimes caused only a partial separation of cells in the monolayer. The series of photomicrographs in Fig. 7 shows that in some cases, cells separated at their basolateral surface but maintained contact at the apical margin, presumably in the area of the junctional complex. Fig. 7 , A-E, all show the same field. The shallow depth-of-focus ofdifferential interference contrast microscopy allowed us to see that the portion of the cells closest to the coverslip had pulled apart. As shown in Fig. 7 A, at the base of the cell only the most central part of the cell is still in tight contact with the coverslip, with ridges and strands of membrane radiating from the center. At a slightly higher level of focus (Fig. 7, B and C) , it is clear that the cells are separated, but bands of cytoplasm still connect the cells. In contrast, by focusing at two levels toward the apical Figure 5 . Effect of H202 on MDCK monolayers. A was taken during perfusion with regular Ringers and B was taken 13 min after the addition of H202 to the perfusate. Both photomicrographs were taken at a level of focus through the nucleus. Note that after H202, there is thinning at the margins of the cells as compared with before H202, giving the appearance of hills with valleys in between. Bar, 10 gm. (Fig. 7, D and E) , it becomes apparent that the cells are still in contact at the apical surface.
The separation, or pulling apart of the cells, was sometimes reversible when we switched from H202-containing perfusate back to regular Ringer's solution. Fig. 8 is a series of photomicrographs taken of the same microscopic field and shows the reversible changes. Fig. 8 A shows cells which have been perfused with 4 mM H202 for 7 min and have clearly begun to separate along their margins. The separation is not complete; there are still strands of membrane which give the appearance of a series ofblebs. After 11 min ofperfusion with H202-containing media, we switched to the regular Ringers. Fig. 8 B was taken 4 min after stopping H202; the areas of separation have increased in size. Over the course of the next 35 min the cells gradually resealed their lateral margins: Fig. 8 C shows that the cells are no longer retracted. This time course is similar to that observed for the reversible changes in Gt (Figs. 3 and 4) .
Oxidant-induced alterations in cell cytoskeleton. Our findings presented so far indicate that oxidants increase junctional permeability, a change accompanied by alterations in cell shape. In light of previous studies that have stressed the importance of the cell cytoskeleton in the maintenance of both junctional permeability and cell shape (19), we felt that it was important to determine if the changes we observed were associated with changes in the cell cytoskeleton. Fig. 9 , A-D, shows the cellular pattern of f-actin as stained by rhodamine phallicidin. Fig. 9 A shows a monolayer that did not receive oxidants. Note the speckled pattern of cytoplasmic staining and the thick continuous junctional area. Fig. 9 , B-D, show changes in cells exposed to oxidants. As in the other studies, there was some heterogeneity in the observed changes. The cells shown in Fig. 9 B were exposed to 2 mM H202 for 15 min before they were fixed. Several changes in the fluorescent pattern are apparent. First, the speckled cytoplasmic pattern has been replaced by a more reticular pattern. Second, the junctional band of staining is much thinner. Third, discontinuities, or a beading of the junctional band, have become apparent. Fig. 9 C shows a monolayer exposed to 8 mM H202 for 15 min. The changes described in Fig. 9 B are more pronounced, and, in addition, in many areas there is a pulling apart of the junctional complex, giving the appearance of parallel thin bands of staining. Fig. 9 D shows a monolayer exposed to 4 mM H202 for 90 min; the changes in f-actin distribution are very pronounced. In addition to the thinning and beading of the junctional band of staining, we observed a perijunctional clear space, in which it appeared that the actin had pulled back away from the junction between cells.
Discussion
The results of this study demonstrate that reactive oxygen metabolites increase the transepithelial permeability of a cultured epithelium. The increase in permeability was associated with morphologic changes in the cells that resulted in separation of adjacent cells and alterations in the pattern of the cell's actin cytoskeleton. Both the increase in electrical conductance and the morphologic changes could be reversed with modest exposure to oxidants, but with high concentrations, or sustained exposure to lower concentrations, both effects became irreversible.
Considerable evidence indicates that reactive oxygen molecules, derived from inflammatory cells or directly added to cells, can contribute to cellular injury (5, 6, 20, 21 ). While different reports implicate different molecular species as the effector molecule, many have suggested that H202 or a derivative of H202 is critically involved and that O-contributes to injury only as a precursor of H202 or hydroxyl radical, OH. Our observations that H202, added directly or generated with glucose oxidase, increased epithelial conductance also suggest an important role for H202 in this process. The finding that xanthine and xanthine oxidase increased transepithelial conductance is also consistent with an effect of H202 because O-, generated by xanthine-xanthine oxidase, can dismute to H202. However, our observations do not allow us to determine what the exact effector molecule(s) is/are.
The junctional complex, including the tight junction, is one ofthe main features that distinguishes epithelial cells from other cell types. The junction between cells serves as a barrier to movement of solutes and water across the epithelial sheet. The permeability of the paracellular pathway (the pathway between the cells, through the tight junctions and lateral intercellular space) varies with different cell types. However, in most "leaky" and some "tight" epithelia, the paracellular route provides the predominant conductive pathway across the epithelium (22) . Several aspects of our studies suggest that oxidants increased the permeability of this pathway. First, oxidants increased the transepithelial electrical conductance in an epithelium in which the predominant transepithelial conductive pathway is paracellular (10, 12, 13) . Second, oxidants increased the permeability of the epithelium to mannitol, which predominately crosses the epithelium via an extracellular route (15, 18) . Third, the morphologic changes appeared to involve the area ofcontact between the cells. While we cannot exclude the possibility that the permeability of the cell membranes may also change in response to oxidants, our evidence would suggest that the increase in transepithelial permeability is predominantly localized to the paracellular pathway, thereby making the tight junctions a prime suspect for the site of action.
The (12) . Moreover, variability in the response to oxidant injury has also been observed in other tissue types (23, 24 (27) . In a preliminary communication, they reported that H202 produced a reversible decrease in the electrical resistance of a monolayer of MDCK cells, supporting our observations. A reversible increase in the permeability of cultured endothelial monolayers exposed to oxidants has also been reported (23) , providing further evidence that cells can recover from finite levels of oxidant injury.
Previous studies with MDCK cells (19) have demonstrated the importance of the cell cytoskeleton, particularly the microfilaments, in the maintenance of cell shape and the integrity of both junctional function and structure. In this study we found that oxidants alter both junctional function (electrical conductance) and the appearance of the cell cytoskeleton, as evidenced by the distribution of f-actin. These two findings lead us to speculate that oxidants increase transepithelial electrical conductance by disrupting the cell cytoskeleton, which then alters junctional structure and function. These changes may not be uniquely related to oxidants, but may also result from other injurious agents. For example Lopez-Vancell et al. (28) found that infection of MDCK cell monolayers with influenza or vesicular stomatitis virus resulted in an increase in the conductance of the paracellular pathway.
This study does not define the link between oxidants and an alteration of paracellular permeability. However, it is possible that an oxidant-mediated increase in intracellular calcium might be the mechanism involved in the changes in cell function and structure. This speculation is based on the work of others. First, as indicated above, oxidation of membrane lipids may allow them to function as calcium ionophores, thereby increasing intracellular calcium (26). Consistent with this suggestion is the recent finding that when hepatocytes have accumulated Ca, they are more susceptible to oxidative injury (29) . Second, MartinezPalomo and coworkers (30) have shown that increases in intracellular calcium can reversibly increase the permeability of MDCK monolayers and reversibly alter cell morphology, presumably by an effect of Ca on the cell cytoskeleton (23) .
The results of this study may be of value in understanding the pathophysiology of a variety of diseases involving oxidant injury. Ischemia, radiation therapy, and neutrophil-mediated inflammation result in release ofreactive oxygen molecules, often ones in close proximity to epithelia. The adult respiratory distress syndrome may be a syndrome in which oxidants play a major role in alterations of alveolar epithelial as well as capillary endothelial integrity (4, 31, 32) . The model system we have described should be a useful tool to explore the mechanisms by which oxidants sublethally injure cells, the processes by which epithelial cells recover from an oxidant injury, and the mechanisms by which oxidants alter epithelial barriers during acute and chronic inflammation.
